Expression of the neuropeptide galanin is markedly upregulated within the adult dorsal root ganglion (DRG) after peripheral nerve injury. We demonstrated previously that the rate of peripheral nerve regeneration is reduced in galanin knock-out mice, with similar deficits observed in neurite outgrowth from cultured mutant DRG neurons. Here, we show that the addition of galanin peptide significantly enhanced neurite outgrowth from wild-type sensory neurons and fully rescued the observed deficits in mutant cultures. Furthermore, neurite outgrowth in wild-type cultures was reduced to levels observed in the mutants by the addition of the galanin antagonist M35 [galanin(1-13)bradykinin(2-9)]. Study of the first galanin receptor (GalR1) knock-out animals demonstrated no differences in neurite outgrowth compared with wild-type animals. Similarly, use of a GalR1-specific antagonist had no effect on neuritogenesis. In contrast, use of a GalR2-specific agonist had equipotent effects on neuritogenesis to galanin peptide, and inhibition of PKC reduced neurite outgrowth from wild-type sensory neurons to that observed in galanin knock-out cultures. These results demonstrate that adult sensory neurons are dependent, in part, on galanin for neurite extension and that this crucial physiological process is mediated by activation of the GalR2 receptor in a PKC-dependent manner.
Introduction
To date, the mechanisms and factors that regulate the regeneration of sensory neurons in the adult after peripheral nerve injury remain poorly understood. Damage to a peripheral nerve causes major changes within the cell bodies of the sensory neurons [dorsal root ganglion (DRG)], which are thought to promote regeneration by stimulating neurite outgrowth and enhancing survival of the damaged neuron. Furthermore, injury alters the retrograde flow of target-derived factors to the DRG. Examples of such phenomena include (1) the 120-fold upregulation in the levels of the neuropeptide galanin in the DRG after injury (Hokfelt et al., 1987) and (2) the marked increase in expression of the cytokines leukemia inhibitory factor (LIF) (Banner and Patterson, 1994; Dowsing et al., 1999) and interleukin 6 (IL-6) (Murphy et al., 1995) within Schwann cells at the site of injury and their retrograde transport to the DRG (Curtis et al., 1994) . IL-6 and LIF have both been shown to promote axonal regeneration in the adult (Cheema et al., 1994; Hirota et al., 1996; Tham et al., 1997; Cafferty et al., 2001) , and IL-6 knock-out mice have deficits in peripheral nerve regeneration after a crush injury to the sciatic nerve (Zhong et al., 1999) . Recent data would indicate that LIF and IL-6 (acting through the gp130 coreceptor) may play a role in both injury-induced regeneration and minimizing pathological nociceptive responses by positively regulating the expression of galanin in the DRG (Corness et al., 1996; Thompson et al., 1998) .
In the adult, galanin is expressed at low levels in Ͻ5% of DRG cells, which are predominantly the small peptidergic C-fiber neurons (Hokfelt et al., 1987) . After nerve injury, there is a rapid and robust upregulation of both galanin mRNA and peptide, and expression of the peptide is now observed in 40 -50% of all DRG neurons Hokfelt et al., 1994) . Studies indicate that galanin reduces transmission of sensory information in the spinal cord after nerve injury Verge et al., 1993) . In addition, rising levels of galanin in sensory neurons may also contribute to the initiation and maintenance of axonal regeneration in the injured neurons, leading to functional recovery and restoration of function while minimizing pathological nociceptive responses.
We showed previously that cultured DRG cells from animals homozygous for a targeted mutation in the galanin gene have a 35% reduction in the length of neurites and number of cells that extend neurites . In this study, we used a combination of pharmacological and genetic tools to further elucidate the mechanisms by which galanin regulates neuritogenesis. Here, we show that galanin plays a neuritogenic role in adult sensory neurons and rescues the deficits in neurite outgrowth seen in mutant cultures. Furthermore, we demonstrate that its actions are mediated by the second galanin receptor (GalR2) in a PKC-dependent manner.
Materials and Methods

Animals
Galanin knock-out mice. Experiments were performed on 8-week-old female mice homozygous for a targeted mutation in the galanin gene.
Age-matched wild-type littermates were used as controls in all experiments. Details of the strain and breeding history have been published previously (Wynick et al., 1998; Kerr et al., 2000) . In brief, galanin knockout mice were generated using the E14 cell line. A PGK-Neo cassette in reverse orientation was used to replace exons 1-5, and the mutation was bred to homozygosity and has remained inbred on the 129olaHsd strain. All animals were fed standard chow and water ad libitum. Animal care and procedures were performed within United Kingdom Home Office protocols and guidelines.
GalR1 knock-out mice. Experiments were performed on 8-week-old female mice that carry an insertional inactivating mutation within the first exon of the gene encoding the murine GalR1. Age-matched wildtype littermates were used as controls. In brief, GalR1 knock-out mice were generated using the W9.5 cell line and have remained inbred on the 129T2/SvEmsJ strain (Jacoby et al., 2002) . All animals were fed standard chow and water ad libitum. Animal care and procedures were performed according to the Code of Practice of the Australian National Health and Medical Research Council.
DRG culture
Cultures were performed as described previously . In brief, animals were killed by cervical dislocation, and DRGs from the lumbar, thoracic, and cervical regions were removed aseptically, trimmed of connective tissue and nerve roots, and pooled in DMEM-F12 medium. Ganglia were subjected to 0.25% collagenase P for 1 hr at 37°C, washed in PBS, and treated enzymatically with trypsin-EDTA for 10 min at 37°C. Ganglia were washed in medium containing trypsin inhibitor and then mechanically dissociated by trituration using a flame-narrowed Pasteur pipette. After centrifugation, cells were resuspended in DMEM-F12 medium supplemented with 5% horse serum, 1 mM glutamine, and 10 ng/ml gentamycin. To enhance the cultures for neurons and eliminate much of the cellular debris, cells were plated on six-well plates coated with 0.5 mg/ml polyornithine and maintained overnight at 37°C in a humidified incubator with 95% air-5% CO 2 (Patrone et al., 1999) . Medium was removed and discarded. The neurons were removed from the surface by squirting with a jet of fresh medium. After centrifugation, cells were plated on 24-well plates treated with 0.5 mg/ml polyornithine and 5 g/ml laminin and maintained for 8 hr at 37°C in a humidified incubator with 95% air-5% CO 2 .
Treatments
Cells were cultured in DMEM-F12-supplemented medium as described above with or without the addition of the following chemicals: 1 nM M35 [galanin(1-13)bradykinin(2-9)] (Bachem UK, Essex, UK), 100 nM galanin peptide (Bachem UK 
Data analysis
Cultures were washed with PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. Cells were visualized by phase-contrast microscopy. The percentage of cells bearing neurites and neurite length were both measured using NIH Image (Scion, Frederick, MD). Data are presented as mean Ϯ SEM.
Results
Galanin signaling mediates neurite outgrowth
The addition of 100 nM galanin to wild-type adult DRG cells significantly increased the length of neurites ( Fig. 1 B) , whereas the percentage of cells producing neurites was unchanged ( Fig.  1 A) , suggesting that the number of cells capable of extending neurites was already at maximum under these culture conditions. Addition of 100 nM galanin peptide to mutant cultures fully rescued the deficits in the percentage of cells producing neurites and restored neurite length to wild-type levels.
We substantiated this putative neuritogenic role in the adult further by using the potent galanin antagonist M35 , which acts at all known galanin receptor subtypes . The addition of 1 nM M35 to wild-type cultures produced a significant 35% reduction in both the percentage of cells bearing neurites (Fig. 2 A) and neurite length (Fig. 2 B) to levels observed in mutant cultures. No effect was seen on either parameter in mutant cultures. This dose of M35 has been shown previously to have purely antagonistic effects (Wiesenfeld-Hallin et al., 1992; Ogren et al., 1993) .
The neuritogenic role of galanin is not mediated by GalR1
To determine whether the GalR1 receptor subtype is important in mediating the neuritogenic effects of galanin, we first used the small-molecule, nonpeptide GalR1-specific antagonist RWJ-57408 (Scott et al., 2000) . The addition of 10 nM RWJ-57408 had no effect on the percentage of cells bearing neurites in either wild-type or mutant cultures (Fig. 3A) . Similar results were seen with the addition of 1 nM RWJ-57408 (data not shown).
To study the role of GalR1 in mediating neuritogenesis further, we studied neurite outgrowth in GalR1 knock-out mouse dissociated DRG cultures (Jacoby et al., 2002) . No differences were observed in the percentage of GalR1 mutant cells bearing neurites compared with those from wild-type controls (Fig. 3B) . from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 100 nM galanin peptide 8 hr after plating. Addition of 100 nM galanin to wild-type cultures significantly increased neurite length, whereas there was no significant difference in the percentage of cells producing neurites. However, addition of 100 nM galanin to galanin knock-out cultures significantly increased both the percentage of cells producing neurites and the length of neurites. Data are presented as percentage of cells bearing neurites or mean Ϯ SEM length (t test; **p Ͻ 0.01; ***p Ͻ 0.001; n ϭ 5).
Furthermore, there was no significant difference in neurite length between cells from wild-type controls (140.8 Ϯ 9 m) and GalR1 mutant cells (161.6 Ϯ 8 m).
The neuritogenic role of galanin is mediated by GalR2 in a PKC-dependent manner
We next studied whether GalR2 might be responsible for transducing the neuritogenic actions of galanin by using the newly described peptide analog AR-M1896, a selective GalR2 agonist (Liu et al., 2001 ). In addition, we studied the actions of AR-M961, which has been shown to have agonistic actions at both GalR1 and GalR2 subtypes (Liu et al., 2001) . The addition of 100 nM AR-M1896 or AR-M961 fully rescued the deficits in percentage outgrowth seen in the mutant cultures to wild-type levels (Fig.  4 A) and appeared to be equipotent to galanin (Fig. 1 A) . Similarly, the addition of either AR-M961 or AR-M1896 to wild-type cultures increased both the percentage of cells bearing neurites and neurite length to the same extent as that observed with galanin peptide (Fig. 4 A,B) .
To investigate whether the neuritogenic role of galanin was PKC dependent, we used the PKC-specific inhibitor bisindolylmaleimide I (GF109203X) (Rivera-Bermudez et al., 2002) . Addition of 10 M BIM to wild-type cultures significantly reduced the percentage of cells bearing neurites to the levels observed in galanin knock-out cultures; similar results were seen using 1 M BIM (data not shown). Furthermore, 10 M BIM completely abolished the stimulatory neuritogenic actions of 100 nM AR-M1896 on both wild-type and mutant cultures (Fig. 4C) .
Discussion
Damage to a peripheral nerve induces major and long-lasting changes in the expression of many secreted ligands and their receptors within the sensory neurons of the DRG. One of the most striking changes that occurs is the 120-fold increase in the expression of the neuropeptide galanin. We showed recently that galanin plays an important role in the survival of a subset of DRG neurons , with a 2.8-and 2.6-fold increase in the number of apoptotic cells in the DRG of galanin knock-out mice at postnatal day 3 (P3) and P4, respectively, compared with wild-type controls. This wave of apoptosis at P3 is associated with a 13% decrease in total cell number within the DRG . The role of galanin in cell survival is further substantiated by the finding that galanin is essential for the developmental survival of one-third of the cholinergic neurons of the basal forebrain (O'Meara et al., 2000) .
The role played by galanin in the survival of this subset of DRG neurons seems to be preferentially biased toward the small peptidergic neurons, which are most likely to be nociceptors . The loss of these small unmyelinated neurons may provide an explanation for the finding that galanin knock-out animals demonstrate a decrease in chronic neuropathic pain behavior after nerve injury . Many of the animal models of peripheral nerve injury that induce neuropathic pain behavior are also associated with an upregulation from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 1 nM M35 8 hr after plating. In both cases, significant deficits were noted in the wild-type cultures, whereas no effect was seen in the knock-out cultures. Data are presented as percentage of cells bearing neurites or mean Ϯ SEM length (t test; **p Ͻ 0.01; ***p Ͻ 0.001; n ϭ 5). in galanin within the DRG neurons (Hokfelt et al., 1987; Nahin et al., 1994; Ma and Bisby, 1997) . Furthermore, there appears to be a direct correlation between the extent and duration of pain behavior and the level of galanin upregulation (Ma and Bisby, 1997; Murphy et al., 1999) .
The data presented here using galanin peptide or the potent galanin antagonist M35, which acts at all known galanin receptor subtypes (Wiesenfeld-Hallin et al., 1993) , demonstrates that galanin is acting as a neuritogenic factor in the adult. Approximately one-third of neurite outgrowth in DRG cultures is dependent on the tonic release of galanin, implying that the developmental trophic-survival role is recapitulated in the adult after injury. At present, it is not possible to state whether there is a definite relationship between the early postnatal loss of a subset of small peptidergic neurons in the galanin knock-out animals and the reduced rate of neurite outgrowth in dispersed DRG cultures isolated from adult galanin knock-out animals. However, the finding that the deficits in neurite outgrowth that we identified in the adult galanin knock-outs are fully rescued by the addition of exogenous galanin would imply that the effects in the adult are independent of the developmental loss.
To date, three G-protein-coupled galanin receptor subtypes have been identified. GalR1 is expressed in the large-diameter neurons of the DRG, and GalR2 is expressed predominantly by the small-and medium-sized neurons. Only 5% of DRG neurons appear to express both receptor subtypes (Sten Shi et al., 1997) . There have been contradictory reports as to whether GalR3 is expressed at all within the DRG. Studies using solution hybridization-RNase protection assays suggested that GalR3 is expressed at very low levels (Waters and Krause, 2000) . However, other studies, again using solution hybridization-RNase protection assay (Smith et al., 1998) , show no GalR3 present within the DRG; furthermore, no GalR3 has been detected in the DRG using riboprobe in situ hybridization (Mennicken et al., 2001) . It is therefore unlikely that GalR3 plays a major role in neuritogenesis in the DRG.
Here, we demonstrate that addition of the small-molecule, nonpeptide GalR1-specific antagonist RWJ-57408 had no effect on neurite outgrowth in either wild-type or mutant cultures, suggesting that the role of galanin in neuritogenesis is not mediated via the GalR1 receptor subtype. This finding was substantiated by the finding that there was no difference in neurite outgrowth from GalR1 knock-out mice compared with wild-type controls. Furthermore, recent data using two separate in vivo models show that peripheral nerve regeneration is unaffected in GalR1 knockout animals (Jacoby et al., 2002) . These data therefore suggest that GalR1 does not mediate the neuritogenic or proregenerative effects of galanin in the DRG, implying that GalR2 is the predominant effector.
In this study, we used the galanin receptor agonists AR-M1896 and AR-M961 (Liu et al., 2001; Ma et al., 2001) . AR-M1896 is a GalR2-specific agonist with an IC 50 of 1.76 nM at rat GalR2 and 879 nM at human GalR1, whereas AR-M961 has been shown to have agonistic activity at both GalR2 and GalR1, with an IC 50 of 1.74 nM and 0.403 nM, respectively (Liu et al., 2001) . The data presented here demonstrate that both AR-M961 and AR-M1896 have positive effects on neuritogenesis and fully rescued deficits seen in the mutant cultures. Because our experiments using RWJ-57408 and GalR1 knock-out animals indicate that neurite outgrowth is not mediated via the GalR1 receptor, the agonistic action of AR-M961 on neurite outgrowth must be caused by activation of the GalR2 subtype, which is confirmed by the actions of the GalR2-specific agonist AR-M1896 (Liu et al., 2001) .
The binding of galanin to GalR1 and GalR3 inhibits adenylyl cyclase (Habert-Ortoli et al., 1994; Smith et al., 1998; Wang et al., 1998) , whereas binding to GalR2 stimulates principally phospholipase C activity (Fathi et al., 1997; Howard et al., 1997; . Studies have shown that the G-protein-coupling profiles of GalR1 and GalR2 are distinct. GalR1 couples only to G i , whereas GalR2 couples to G i , G o , and G q (Wang et al., 1998) . The G i -mediated pathway is independent of PKC activity. In contrast, both the G o -and G q -mediated mitogen-activated protein kinase Figure 4 . A, The percentage of cells bearing neurites from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 100 nM AR-M961 or AR-M1896 8 hr after plating. The addition of either AR-M961 or AR-M1896 rescued the deficits in percentages of cells producing neurites seen in galanin knock-out cultures to near wild-type levels. Addition of AR-M1896 to wild-type cultures significantly increased the percentage of cells bearing neurites compared with controls. Although addition of AR-M961 increased the percentage, this was not significant. B, The length of neurite outgrowth from dissociated DRG cultures isolated from wild-type animals in the presence and absence of 100 nM AR-M961 or AR-M1896 8 hr after plating. Addition of either AR-M961 or AR-M1896 significantly increased neurite length. C, The percentage of cells bearing neurites from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 10 M BIM or 10 M BIM plus AR-M1896. Significant deficits are seen in the number of cells producing neurites in wild-type cultures in the presence of 10 M BIM, which was not rescued by the addition of 100 nM AR-M1896. Addition of 10 M BIM had no effect on mutant cultures. Data are presented as percentage of cells bearing neurites or mean Ϯ SEM length (t test; *p Ͻ 0.05; ***p Ͻ 0.001; n ϭ 5).
signaling pathways are dependent on PKC activity (Hawes et al., 1996) . Here, we demonstrate by use of the PKC-specific inhibitor BIM that the neuritogenic action of galanin is PKC dependent, which is consistent with activation of either the G o -or G qmediated signaling pathways.
In summary, these results show that galanin is an important factor in neurite extension of adult sensory neurons and that this process is mediated by activation of GalR2 in a PKC-dependent manner. The role of GalR2 as a mediator of the proliferative effect of galanin is substantiated by previous findings in small-cell lung cancer cells (Wittau et al., 2000) and the pituitary (Wynick et al., 1993 (Wynick et al., , 1998 . Furthermore, previous studies have shown that the antiallodynic effect of galanin on neuropathic pain is mediated via GalR1 (Liu et al., 2001) , whereas here we show that the neuritogenic role of galanin is mediated via GalR2. These results suggest that different receptor subtypes may be responsible for mediating the differing physiological roles of galanin in the adaptive response of the PNS to injury. Although few data are available on human galanin expression, it appears to have an expression pattern in the DRG similar to that of the rodent (Marti et al., 1987; Suburo et al., 1992) . These findings have important implications for the potential therapeutic treatment of some peripheral sensory neuropathies by the use of selective GalR2 agonists.
